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Hybrid Exchange density functional theory has been used to model the electronic
structure of LaCoO3. Based on a rhombohedral unit cell of R-3c symmetry contain-
ing two Co atoms we find a mixed spin phase, comprising alternating low and high
spin Co+3 ions, with a total energy at 0K just 57meV per formula unit above that of
a non-magnetic semiconducting ground state. In the mixed spin phase the high-spin
Co+3 ion have spin moments of 3.1µB and the state is insulating with a band gap of
2.2eV. Our calculations suggest that the effective on-site Coulomb repulsion energy,
Ueff , on Co
+3 ions are spin dependent. The Ueff on Co
+3 ion is 7.1eV and 8.5eV
for the non magnetic ground state and for the magnetic high spin state, respectively.
For the mixed spin state, two different Ueff are estimated for two Co
+3 ions in the
unit cell having different spin states, 8.0eV for high spin Co+3 ion and 7.0eV for low
spin Co+3. An estimate of the harmonic phonon free energy suggests that this mixed
spin phase would become the more stable phase as the temperature increases, which
is consistent with experimental evidence. An alternative intermediate spin state is
higher in energy at all temperatures.
I. INTRODUCTION
LaCoO3 is a technologically important material in part because of its use as a cathode in
a high temperature solid oxide fuel cells (SOFC)1–4. It exhibits complex and temperature-
dependent electronic and magnetic properties. Below about 100K it has been reported as a
nonmagnetic semiconductor, around 100-500K as a paramagnetic semiconductor and above
500K as a paramagnetic metal 5–8. In this paper these three temperature ranges will be
2referred to as low, intermediate and high. At the transition from the semiconducting to
metallic states the electrical conductivity of the material increases by two orders of magni-
tude. Although, a large number of experimental and theoretical investigations have been
reported9–38 on these temperature-dependent spin-state transitions and the semiconductor
to metal transition, their origin and the related electronic structures are still unknown. The
aim of this paper is to understand the nature of these phases in LaCoO3 through combined
calculations of its electronic structures and harmonic phonon free energies using hybrid ex-
change density functional theory. Due to the large volume of the published articles on this
issue, we have referred only most relevant reports for the purpose of this paper. To get
a wider view of the debate, readers are encouraged to read recent reports and references
therein24–28,34–36.
There are broadly two explanations in the literature for the nature of these spin state
transitions as a function of temperature. In the first model7,8,11,13,14,24,25, the low spin (LS) (
t62ge
0
g, S = 0) ground state phase at low temperature proceeds to a higher temperature, high
spin (HS) ( t42ge
2
g, S = 2) phase via a mixed spin (MS) state, in which both high and low spin
states coexist on different cobalt ions. We are using the notation of atomic states as a crude
but convenient reflection of the situation, which in the calculations is complicated by ligand
fields and structural effects. With increasing temperature it is thought that the Co ions grad-
ually transform from LS to HS states and the nonmagnetic material becomes paramagnetic.
These authors suggest that a transition from semiconducting to metallic states has occurs
when most of the Co ions have switched to HS states. This model is supported by data from
several experiments such as electron photo-emission spectroscopy13, nuclear magnetic reso-
nance (NMR)11, X-ray absorption spectroscopy (XAS), magnetic circular dichroism (MCD)
at the Co-L2,3 edge
7 and inelastic neutron scattering (INS)8.
The second model is based on the presence of an intermediate spin state (t52ge
1
g, S = 1),
which we denote IS, between the LS ground state and HS state. In one version of this
model15,30,36 it is proposed that with increasing temperature the spin state of the LS Co
ions gradually changes over the intermediate temperature range before transforming to a
HS phase at higher temperature. Data from neutron diffraction experiments6, inelastic
neutron scattering31, Raman spectroscopy, heat capacity measurements16,17, electron energy
loss spectroscopy (EELS) near-edge fine-structure of the O K edge30, thermal expansions
and SQUID magnetometer measurements38 have been used to support the proposal that
3an IS state is present. Data from high resolution neutron powder diffraction, on the other
hand, supporta the existence of an alternative MS state in which some of the Co ions are
in an IS state and some in a HS state5. The presence of the LS phase at low temperature
and the HS phase at high temperature are well established, the presence of an IS state at
intermediate temperature is controversial.
To understand the spin state transitions of this material, electronic structure calcula-
tions have been performed since the 1960s9,10,13–15,18–28,30,34–36,49. Typically broken symmetry
density functional theory calculations have been used in which different spin states can be
generated by varying the initial conditions of the self-consistent field (SCF) procedure. Such
stationary points in the SCF provide information about the ground state and one or more
metastable states34. All such calculations support the conclusion that the ground state at
0K is LS, although the local spin density approximations (LSDA) gives a metallic LS ground
state rather than the experimentally observed semiconducting state20,22,49. This is typical for
LSDA calculations in systems with strong electron-electron interactions and taking such in-
teractions into account qualitatively, as in the LSDA+U, generalise gradient approximations
(GGA +U) and Green function with screened Coulomb interaction approximation (U+GW)
approaches, enables a description of a semiconducting state15,18,22,25,26,34,36,49.
LSDA+U and GGA+U calculations15,18,36 also predict that an IS state (S=1) is
metastable above the ground state, however, it is found that relative energetic stability be-
tween spin states depends on the choice of U36,49. The IS state appears at 240meV/formula
unit above LS state15 for spin independent fixed U value, however, with spin dependent U,
IS state appears just 82meV/formula unit above the LS state36. Although these calculations
suggest an IS state as the state observed in the intermediate temperature range, they do not
reproduce its observed semiconducting nature but instead yield a metallic IS state15,25,36,39.
No such metastable state is found in LSDA calculations.
A HS state (S=2), which they calculated to be 650meV and 450meV higher in total en-
ergy than the LS state with spin-independent15 and spin-dependent U, respectively, has been
suggested as the stable phase at high temperature, however, no thermodynamic calculation
has been done to support this. Furthermore, the HS state, which is found experimentally as
a metallic state appears as a semiconductor in the LSDA+U calculations. 15,36.
Other methods, such as an empirical configuration interaction (CI) cluster model have
been used to model the spectral line shape found in XAS and MCD experiments. They
4suggest that at intermediate and high temperature LaCoO3 is in an inhomogeneous MS
state with simultaneous presence of Co ions of LS and HS states7, however, this calculation
is not parameter free. In this calculation the energy difference between doubly degenerate eg
and triply degenerate t2g orbitals (10Dq) for different spin configurations has been treated as
a fitting parameter and it was predicted that the IS state is energetically higher state than
the MS state for all possible values of 10Dq. A coherent potential approximations (CPA)
method based on unrestricted Hartree-Fock has also been used to suggest that the mixing
of LS and HS states is energetically more favourable than the mixing of IS and HS states23.
To fully understand the nature of the intermediate temperature states it would be neces-
sary to have both high quality electronic structure and thermodynamic calculations. In this
paper we report the electronic structure of LaCoO3 using hybrid exchange density functional
methods (HE-DFT) as implemened in the CRYSTAL code41. The Hubbard U parameters
have been estimated from calculated electronic structures using rectangular band model,
finding some significant differences to previous calculations. We follow this by making esti-
mates of the free energy versus temperature of the aforementioned phases. The qualitative
features of the observed temperature dependence are reproduced by the theory, but there
are still significant discrepancies in the electronic structure between theory and experiment,
to which we suggest point defects make a significant contribution.
II. METHODOLOGY
Wemade our electronic structure and total energy calculations with the B3LYP exchange-
correlation functional implemented in CRYSTAL41. This functional has been shown to
provide a reliable description of geometries, phonon frequencies and electronic structures
for a wide range of similar materials40,42–44,46, although few exceptions for extended systems
have also been reported45. Fully optimised atom centered Gaussian type basis sets have
been used. The basis sets have been optimised for the LS configuration and the same basis
set has been used for all the calculations reported here.
The R-3c type (space group 167) rhombohedral structure as shown in Fig. 1 has been
assumed for LaCoO3 as indicated by neutron diffraction experiments. This unit cell con-
sists of 10 atoms. Spin polarised calculations have been performed with 90 k-points in the
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FIG. 1: (Color-online) Conventional cell structure of LaCoO3 in R-3c symmetry.
irreducible part of the Brillouin zone. The tolerance for total energy convergence is 10−7
Hartree per unit cell. Full geometry optimisations have been done for all configurations.
The structure was considered to be converged when the residual absolute forces along all
allowed symmetry directions of the unit cell were below 2.0× 10−4 Hartree/Bohr. The full
geometry relaxations, have been done for all different spin configurations.
In order to achieve metastable states corresponding to different spin states, the spin
configuration was initially constrained, namely for LS (total spin 0µB), IS and MS (total
spin 2µB per Co ion) and HS (total spin 4µB per Co ion). Although IS and MS state both
have total spin 2µB per Co ion, the IS state is distinguished by the additional constraint
that its Co ions are equivalent. These constraints on the spin configurations were removed
after the first few iterations towards self-consistency, when the metastability of the desired
spin state was assured and all reported data are thus from unconstrained calculations.
The HS configurations can be either ferromagnetic (HS-FM), in which all Co ions have
parallel spins, and antiferromagnetic (HS-AFM), in which adjacent Co ions have antiparallel
6spins. A technical limitation of our code is that we cannot constrain calculations to produce
antiferromagnetic IS or MS states.
The energy-volume curves have been obtained by relaxing the internal coordinates of
LaCoO3 at each constant volume for each of the five spin configurations described above.
To understand the stability of these different types of spin states as a function of temper-
ature, it would be desirable to calculate all the contributions of harmonic and anharmonic
lattice vibrations, electronic excitations, spin waves and intrinsic defects to the Gibb’s Free
energies, which is still a formidable task even with the availability of high-performance com-
puting. At present we have simply calculated the main contribution, which we believe is
due to volume-dependent harmonic phonons, and furthermore we have sampled only at the
gamma point in the supercell, giving 24 modes of vibration. For each of our five magnetic
states, the phonon frequencies have been calculated as a function of volume, and the volumes
consistent with the minimum quasiharmonic free energies have been obtained as a function
of temperature. In these calculations, for each volume local coordinates have been optimised
while keeping volume constant and harmonic phonon calculations have been done by diag-
onalizing dynamical matrices using finite displacements and analytical gradient modules as
implemented in the CRYSTAL code.
The linear thermal expansion for our five spin configurations has been calculated using the
formula 1/3(Vi(T )− VLS(0))/VLS(0), where Vi(T) is the volume of the ith spin configuration
(i = LS, MS, IS, HS-AFM, HS-FM) at temperature T K and VLS(0) is the volume of the
LS state at the temperature 0K.
III. RESULTS AND DISCUSSIONS
A. Ground state total energies and phonons
The calculated energy volume curves of all the spin states considered at 0K are shown in
Fig. 2. It is found that the LS state is the ground state of the material as found in experiments
and other calculations15,18–28,30,34–36,49. The next lowest in energy is the metastable MS
state which is 57meV/formula unit higher in energy than the LS state at their respective
equilibrium volumes. The HS-AFM state is 148meV/formula unit higher in energy than the
LS state. The IS state and the HS-FM states are 225meV/formula unit and 458meV/formula
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FIG. 2: (Color-online) Energy-Volume curves for different spin states of LaCoO3.
unit higher in energy, respectively.
In Table I the local structure and the phonon frequencies of the LS state are compared
with published experimental results. We see that the calculated bond lengths exceed the
neutron diffraction results at 5K by less than 2%, and the bond angles are within 0.8◦.
The calculated phonon frequencies differ by 12%, on average, from the experimental
values, which is comparable with PBE0 based (11%)40 but significantly better than LDA+U
based (34%) calculations36. The maximum difference of 31% in the phonon frequencies
occurs for the Raman active A1g mode, however, as the oscillator strength of this mode is
found to be very small16 the experimental error in determining its correct position may be
larger.
The HS-FM state is much higher in energy than the HS-AFM state at all volumes ( Fig 2
). The energy of the IS state with respect to the LS state is comparable to that found
previously in LSDA+U calculations15. The MS state, which in our calculations has a lower
energy than this IS state, has apparently not been investigated in previous theoretical work.
This is not to say it is not obtainable with LSDA+U or some other functional, but finding
it may depend on the choice of U. This will be discussed later in this section.
8TABLE I: Structural parameters and phonon frequencies of LS state at 0K. The percentage errors
of current calculations with respect to experiments have been given in parentheses.
Structural parameters Raman active modes IR active modes
Parameters Calculated Expa Modes Calculated Expb Modes Calculated Expc
cm−1 cm−1 cm−1 cm−1
a = b (A˚) 5.5131 (1.6) 5.4262 Eg 106 (25) 85 A2u 169 (4) 177
c (A˚) 13.1640 (1.3) 12.9910 Eg 188 (10) 171 Eu 194 (20) 242
c/a 2.3878 (0.3) 2.3941 A1g 343 (31) 262 Eu 237 (22) 306
La-O (A˚) 2.4559 (1.2) 2.4275 Eg 480 (11) 433 A2u 287 (8) 314
La-O (A˚) 3.0627 (2.1) 2.9988 Eg 571 (2) 585 Eu 341 (6) 322
La-O (A˚) 2.7261 (1.4) 2.6876 Eu 448 (9) 411
Co-O (A˚) 1.9571 (1.6) 1.9254 A2u 475 (9) 524
6 O-Co-O 91.71 (0.2) 91.48 Eu 525 (3) 540
6 Co-O-Co 162.16 (0.5) 162.93
a Ref.5 ; b Ref.16; c Ref.47 .
The phonon frequencies for all other spin-states are given in Table II. It is found that
for all spin states IR active rotational modes with Au symmetry are softer than that found
in LS state. In the low frequency range, Raman active Ag mode is a signature of either MS
state or HS-AFM state.
Experimentally, the nature of the HS state of the material is not known with certainty. It
is generally assumed that the state is either HS-FM or MS, however, the stability of an HS-
AFM state at high temperature has also been suggested on the basis of NMR experiments11.
The MS state found here has one Co ion in a LS state and the other is in a HS state. Since
the unit cell used here comprises only two Co ions, this is the only kind of MS state that
the calculation can access. In this state we find a 2% longer Co-O bond associated with the
HS Co ion. The presence of a 50% spin mixing with alternating long and short Co-O bonds
9TABLE II: Phonon frequencies of MS, IS, HS-FM and HS-AFM states at Γ point.
MS IS HS-FM HS-AFM
Phonon Modes Calculated Modes Calculated Modes Calculated Modes Calculated
Modes cm−1 cm−1 cm−1 cm−1
Ag 119 Eg 105 Eg 108 Ag 102
Raman Active Eg 128 Eg 170 Eg 174 Eg 112
Eg 179 A1g 333 A1g 303 Eg 172
Ag 285 Eg 391 Eg 418 Ag 306
Ag 358 Eg 440 Ag 338
Eg 422 Eg 416
Eg 541 Eg 440
Ag 682 Ag 651
Au 119 A2u 124 A2u 102 Au 109
IR Active Eu 139 Eu 158 Eu 158 Eu 156
Au 283 Eu 261 A2u 220 Au 271
Eu 291 Eu 318 Eu 257 Eu 271
Eu 324 A2u 327 Eu 296 Eu 305
Au 380 Eu 384 Eu 340 Au 317
Au 399 A2u 549 A2u 478 Eu 340
Eu 412 Eu 578 Eu 548 Au 392
Au 542 Au 506
Eu 572 Eu 559
has been suggested previously on the basis of X-ray diffraction (XRD) measurements7,14.
The calculated energy of the IS state is higher than MS and HS-AFM states, suggesting
that this state is unlikely to appear in experiments. In the current work no metastable state
was found in calculations initiated by mixing IS and LS state Co ions; such states have been
suggested previously5.
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FIG. 3: (Color-online) The total, atom and orbital projected densities of states for low spin (LS)
configuration. The star (*) denotes multiplication, i.e., the densities of states of six O−2 ions
present in the unit cell have been denoted as O*6.
B. Electronic structures
In this section we discuss the calculated electronic structures of the five states we have
studied, starting with the ground state LS. The calculated density of states (DOS) plot
for the LS state is shown in Fig. 3. The total DOS for PBE based GGA calculations has
also been shown for comparison. Local symmetry labels, eg and t2g, of the CoO6 octahedra
have been adopted as a convenience and to better reflect the effects of crystal field splitting
in the various states, although, these are not representative of the full space group of the
rhombohedral symmetry. This adoptation is similar to other calculations15,22,49.
The calculated spectral line shapes using GGA and B3LYP are similar and compared
well with other reported calculations18,49 and experiments13,21. The LS state calculated
using GGA is metallic as found by other calculation15,18. With B3LYP functional the state
is an insulator, with a band gap of the charge transfer type, that is the top of the valence
band (V) is of O-2p character with considerable hybridisation with Co-3d and the bottom of
the conduction band (C) is mainly composed of the 3d orbitals of Co ions. This is consistent
11
with LSDA+U calculations15. The band gap is equal to 2.2eV, which is higher than the
experimentally obtained band gap of 0.6eV, but such a high band gap also has been found
earlier calculations15,33,40. This high band gap is probably an artifact of the hybrid exchange
functional used in our calculations, and may depend on the choice of U in other calculations
15,33.
An analysis of the Mulliken charges on ions for the LS state shows that the average
charges on La, Co and O are +2, +1.9 and -1.3 respectively, which are lower than the
formal ionic charges +3, +3 and -2. Similar results have been found earlier with other
functionals, including LSDA, LSDA +U and GGA + U, which are due to the partially
covalent nature of Co-O bonds and hybridisation of Co-3d and O-2p. Approximately 7
electrons in Co-d orbitals, rather than the 6 of the ionic model, is also a consequence of the
strong hybridisation of the empty eg orbitals with O-2p and is generally known as the d
7L
configuration15.
The ionic theory predicts that in perfect octahedral symmetry the 6 electrons in the 3d
orbitals of Co+3 ions should be paired up in t2g orbitals leaving the orbitals of eg symmetry
empty. However, bonding - antibonding splitting in the energies of orbitals of both t2g and
eg type are expected due to the covalency and hybridization of Co-3d and O-2p orbitals.
The magnitude of splitting depends also on the departure from perfect cubic symmetry.
We can see this clearly in the density of states of Fig. 3. The figure shows that both t2g
and eg orbitals are split, and eg orbitals are partially filled. The eg orbitals, which are
directed towards O−2 ions, make a σ∗ antibonding, whereas t2g orbitals, which are directed
in between Co-O bonds, make pi bonds22.
We find that the Co-3d orbitals of t2g symmetry marked as ’B’ in the figure contain 5
electrons per ion, while those marked as ’A’ contain 0.8 electrons. The energy splitting AB
may be referred to as ∆pi. Similarly the split energies of the eg orbitals (∆σ) are shown in
the figure as D and E. The figure shows that the magnitude of ∆pi and ∆σ are almost same.
Furthermore, from Fig 3 it is found also that the the energy difference between eg and t2g is
small, which indicates small crystal field splitting as expected earlier from experiments14.
Of the two main peaks obtained in the LS state DOS, the one 1eV below the Fermi level
is consistent with photoelectron spectroscopic observations at low temperatures 13,21. This
peak is due to the Co-3d-t2g-O-2p hybridization. The peak at 4eV below the Fermi level is
due to the hybridization of O-2p with Co-3d-t2g and eg symmetry and is comparable with
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the 3.5eV peak found in those experiments. The partially covalent nature of the charge
distribution found in our calculations in the LS state has been suggested earlier also on the
basis of photoemission experiments13.
The main contribution to the DOS due to the La-O covalent bond is deep in the valence
band. A small overlap of La+3 and O−2 states at all energies is present up to the top of
the valence band although their spectral weight is negligible in comparison with the Co-O
overlap.
The DOS of the MS state is shown in Fig 4. The positive and negative values of the DOS
here and for the other DOS of magnetic systems are used to indicate spin-up and spin-down
electrons. There are two inequivalent Co+3 ions in the mixed spin state. Co1 is in a HS
state and Co2 is in a LS state. The magnetic moment on a HS Co+3 ion is 3.1µB. The
MS state is still an insulator with a band gap of 2.2eV with the top of the valence band
originated from O-2p hybridized with LS-Co2-3d. In contrast to the LS state the bottom of
the conduction band originates from unoccupied HS-Co1-3d-t2g states. This is the magnetic
semiconductor state as expected at the intermediate temperatures and shows the strongly
correlated nature of the Co+3 ion in the LaCoO3.
From Fig. 4(b) it is seen that the occupied HS-Co1-3d orbitals have been pushed to
about 7.0eV below the Fermi energy and the overlap with O-2p (Fig. 4(f)) is negligibly
small. This indicates that the Co1 ion in HS is less covalent, which is consistent with the
earlier experimental findings13. The valence band width of the MS state is larger than that
of the LS state. This can explain the transition of Co+3 ions from ’localised’ to ’collective’
as spectulated earlier by precision X-ray experiments 14.
From this figure we can predict that the peak found around 6.5eV below the Fermi energy
in photoelectron spectroscopy 13,20 is due to the HS Co+3 ions. The O-2p related peak as
speculated by experiments 21 is found just below 4eV from the Fermi level and is due to the
hybridization of O-2p and Co-3d-eg orbitals. From the electronic structure given above we
predict also that the peak 1eV below the Fermi energy is entirely from LS Co-3d, however,
we see in Fig. 3 and Fig 4 that the peak 3eV below the Fermi energy can be assigned to
both LS and HS Co+3 ions. The experimental position of the peak does not exactly match
with our calculations, probably because all the electronic structures have been evaluated
at the respective calculated equilibrium volumes of the different spin states and not at the
13
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FIG. 4: (Color-online) The total, atom and orbital projected densities of states for MS state. The
orbital projection of Co1 ( HS state ) and Co2 ( LS state) ions have been shown in different panels.
volumes corresponding to finite temperatures.
Since MS state is a spin ordered state two different Co-O bond lengths are found in this
state, the Co1-O (HS) bond lengths are 3% longer than the Co2-O (LS) bond lengths. And
14
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FIG. 5: (Color-Online) The total, atom and orbital projected densities of states for IS state.
bond orders obtained from the Mulliken population analysis are 15% smaller for Co2-O than
for Co1-O. This finding of alternate short and long bonds is consistent with the speculation
made earlier from X-ray diffraction experiments48.
The DOS of the IS state is shown in Fig. 5. The shape of this DOS is similar to that
found by LSDA+U calculations15. The transfer of electrons from Co-3d-t2g orbitals to eg
orbitals broadens the latter orbital enough to fill the bad gap and create a half-metallic state.
A Mott-Hubbard type gap opens for down-spin electrons, for which the highest occupied and
lowest unoccupied states both originate from t2g orbitals. The overlap with O-2p orbitals
has also changed. The spin-up O-2p orbitals overlap with Co-3d-t2g orbitals, while beta-spin
orbitals overlap with eg orbitals. The Mulliken population analysis shows that the overlap
population of the Co-O bond in the IS state is reduced by 29% from that in the LS state,
although the increase in bond length is less than 2%. The magnetic moment on each Co ion
is 2.0µB.
From the figure we find that the characteristic peaks of this state are situated at 2.0eV,
2.5eV, 5.5eV and 6eV below the Fermi energy. The 2.5eV peak is the Co-3d-t2g-O-2p
hybridisation peak and the 5.5eV peak is due to the Co-3d-eg-O-2p hybridisation. The
15
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FIG. 6: (Color-online) The total, atom and orbital projected densities of states for (a) HS-AFM
state and (b) HS-FM state.
2.0eV and the 6eV peals correspond to Co-t2g and eg, respectively.
The DOS for HS-AFM and HS-FM states are shown in Fig. 6. These states are competing
states at very high temperatures as we find in our calculations. In both of these states the
two Co ions in the cell are related by symmetry, so the DOS are plotted for only one of
them. We see in both cases that the DOS of the Co is similar to that of the HS-Co1 ion in a
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MS state as shown in Fig 4(b) and (c). The magnetic moments on Co ions are 3.1µB. The
narrow DOS for the non-bonding and antibonding Co-3d are also apparent. The spin state
of the oxygen ion is clearly very sensitive to the relative spin states of its two Co neighbours.
The band gaps are of charge transfer type, in which the top of the valence band originates
from O-2p and the bottom of the conduction band from t2g orbitals.
Compared to to the HS-AFM state, the HS-FM state in Fig. 6 (b) shows that the effect
of parallel spins on the Co ions has been to broaden the non-bonding and antibonding 3d
orbitals, as there will be greater overlap of the constituent spin-orbitals. Since the broadening
of both occupied and unoccupied states involving t2g orbitals is greater than that in the MS
or HS-AFM states, the band gap is reduced to 500meV. This reduction in the band gap
may be significant because the experimental high-spin state of the material is known to be
metallic 5,7,14. A small gap for the FM state was also found in earlier LSDA+U calculations15.
The band gap appearing in our calculation is probably an artifact of the hybrid exchange
correlation functional, which is known to over-localise electrons. However, the metallic state
of the real material might also be attributed to the presence of oxygen vacancies at high
temperature or conduction through grain boundaries14.
A significant finding from Fig. 6(b) is the presence of peaks 3eV and 5eV below the
Fermi level in the HS-FM state. The 3eV peak is the O-2p-Co-t2g hybridization peak and
the 5eV peak corresponds to the hybridization between O-2p and Co-3d-eg. This finding
is consistent with experiments 13,21 and we can confirm the presence of HS Co ions at high
temperatures.
The effective on-site Coulomb repulsion energy U and the charge transfer energy ∆ are
estimated from Fig.s. 3 - 6. For each spin state the U is estimated from the energy separation
of the occupied and unoccupied Co-3d bands, and the ∆ is estimated from the energy
separation of the occupied O-2p and unoccupied Co-3d bands. Assuming a rectangular
band model these energy separations are calculated from the energy differences of center of
gravities of respective bands. From Fig.s. 3 - 6 it is found that ∆ remains roughly constant
at 7.0eV across all spin states, however, U depends on the spin state of the Co ion. For the
LS state (Fig. 3) U=7.1eV but for the HS-FM state (Fig. 6(b)) U=8.5eV. The U=7.2eV for
the IS state (Fig. 7). These U values are consistent with the empirical values of U, ranging
from 5.5eV to 8.6eV, assumed in LSDA+U and GGA+U calculations15,18,25.
The significant finding from the MS state (Fig. 4) is the estimation of two different U
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values, 8.0eV for the HS Co1(Fig. 4(b) and (c)) and 7.0eV for the LS Co2 (Fig. 4(d) and
(f)) ions. In separate calculations (not reported here) we have found that effective U values
depend not only on spin states but also on unit cell volumes.
The dependence of U on spin states and unit cell volumes has been found earlier for
FeO using LSDA+ U method50. In a separate report two different effective U values for a
single species of transition metal ion at two different sites in a unit cell of (Mg,Fe)2SiO4 are
predicted51. In these calculations two different spin states of the single ionic species in a
unit cell have been treated as two different ions with different values of U.
For LaCoO3 the decrease in U with the increase in unit cell volume has been reported
recently49. Using an iterative procedure authors have calculated structurally consistent U
values increasing from 8.2eV to 8.6eV for decreasing unit cell volume by about 200 (atomic
unit)3. These calculations have been done for LS state only.
The finding about the spin dependent U for Co ions in LaCoO3 explains why earlier
LSDA +U calculations15, using a single value of U, didn’t find the spin ordered MS state as
a stable state.
C. Quasiharmonic free energies
The relative quasi-harmonic free energies of the four states of higher 0K energy with
respect to the LS state are plotted in Fig.7. From the figure we see that up to about 800K
the LS state is the stable state. Above that temperature the HS-AFM state is increasingly
stable, but the free energy of the HS-FM state decreases most rapidly with temperature
and it eventually becomes the most stable for T > 1500K. The free energy of the MS state
relative to the LS ground state also decreases with temperature, but although only separated
by only 15meV/fu at 850K, it never quite competes with the HS-AFM and HS-FM states.
The IS state is not the most stable at any temperature.
The rapid decrease of the Free energy of HS states (HS-AFM and HS-FM) with tem-
perature can be attributed to the decreasing frequencies of low frequency modes, both the
Raman active rotational mode of Eg symmetry and IR active rotational mode of AU sym-
metry, with increasing temperature. A decreasing frequency of this Raman active Eg mode
with increasing temperature has been found experimentally16. We have found a similar de-
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FIG. 7: (Color-online) Thermal stability of different spin states of LaCoO3 obtained with respect
to the temperature depended Free energy for LS state.
crease of frequency for the IR active mode rotational mode which has not yet been confirmed
experimentally.
To understand further the effect of temperature on structural parameters of different
spin states the linear thermal lattice expansions with respect to the volume of the LS state
at 0K are compared with reported results obtained from neutron diffraction experiments
5 and shown in Fig. 8. An error bar is attached for each spin configuration to indicate
the uncertainly in measuring the theoretical lattice expansion at that spin configuration
from the calculated data. An average error of 0.5% occurred for all spin states above 0K.
4. This average errors were calculated by estimating possible errors in the calculation of
equilibrium volumes at each temperature and corresponding lattice constants. However,
since only zone centre frequencies are considered the actual error can be larger than this.
The result indicates that only the MS state can be the stable state in the intermediate to
high temperature range, but thermal expansion for other spin states is much higher than
experimental observations.
These findings are in agreement with the reported resultsl7,9,10,24,34 , where it was shown
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FIG. 8: (Color-online) Linear thermal expansion of different spin states of LaCoO3 obtained with
respect to the volume for LS state at 0K.
that the IS state was far from stable for any values of the crystal field splitting, in line with
other theoretical findings9,10,24,34. The stability of the IS state has been found in LSDA+U
calculations 15, where experimental lattice constants have been used to simulate tempera-
ture dependences of different spin states. This approach cannot give the true nature of the
thermodynamic stability because, as we see from the current calculations, for the tempera-
ture change 0K to 800K the increase in lattice constant can contribute only 15meV/formula
unit energy change. The main contributions to the relative stability of different spin states
with temperature come from the phonon free energies. Furthermore experimental lattice
constants are smaller than theoretical values, which introduces additional errors in the com-
parison of lattice constant dependencies of total energies in different spin states.
Although we have attempted to estimate the relative free energies of different spin states
these results are rather far from reproducing the experimental phase boundaries. On the
other hand they do suggest the correct trend in ordering of the structures with temperature.
Given the approximations made, it seems reasonable to suggest that the phonon free energies
are the main drivers of the spin state transitions at high temperatures.
It would be possible in principle to obtain a more accurate estimate of the phonon contri-
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bution to the free energy by a denser sampling in k-space. Other terms not considered here
include the configurational entropy term in the magnetic states, including a more complex
MS state, with a variable proportion (perhaps 10-50% or more) of mixing 7,37. The presence
of oxygen vacancies will also be important contribution to the lowering of the free energy
above 600K 5.
IV. CONCLUSIONS
In this paper the electronic structures and free energies of five postulated magnetic phases
of LaCoO3 have been calculated using hybrid exchange density functional theory with the
B3LYP functional. Besides confirming the stability of the non-magnetic insulating phase,
designated here LS, we find a metastable rhombohedral insulating phase we designate as
mixed spin (MS), in which the Co ions alternately exhibit high-spin and low-spin states.The
total energy of this state at 0K is predicted to lie at 57meV per formula unit above the
LS state. Metastable high-spin antiferromagnetic (HS-AFM) and ferromagnetic (HS-FM)
states are predicted to have 0K energies 148meV per formula unit and 225meV per for-
mula unit respectively above the LS state. We include in the study a metastable state of
intermediate spin (IS), in which all Co ions have the same magnetic moment between 0
and the HS-FM value. This state has been previously proposed as an interpretation of the
experimentally observed phase in the range 100− 500K; however, we find its energy to be
168meV per formula unit above that of the MS state, which makes the latter a much more
likely candidate. Our calculations show that effective on-site Coulomb energy (Ueff) is spin
dependent. The Ueff on Co
+3 ions is 7.1eV and 8.5eV for magnetic low spin and high spin,
respectively. For mixed spin state two different Ueff have been found for two Co ions in
different spin states. Furthermore we have made estimates of the temperature dependence
of the free energy of these phases, based on the harmonic free energy of the zone centre
phonons, and find that the magnetic phases decrease in free energy with temperature faster
than the MS phase, which in turn decreases in free energy faster than the LS phase. The
IS phase remains uncompetitive at all temperatures. This trend is qualitatively in agree-
ment with the experimental evidence. The roles of spin waves, electronic excitations, lattice
disorder and intrinsic defects on the free energy of these phases remain to be studied.
21
V. ACKNOWLEDGEMENTS
We would like to thank the EPSRC for support of part of this work through Grant
No.DT/E01013X/1. The calculations were performed in part on STFC’s SCARF system lo-
cated at STFC Daresbury Laboratory, in part on the HPCx system where computer resources
were provided via our membership of the UK’s HPC Materials Chemistry Consortium and
funded by EPSRC (portfolio grant EP/D504872) and in part on the Imperial College High
Performance computer system. One of the authors (SM) also would like to thank Dr. Denis
Gryaznov for discussions.
1 D. Baskar and S. B. Adler. Chem. of Mat., 20, 2624 (2008).
2 S. J. Skinner., Int. J. of Inorg. Mat., 3, 113 (2001).
3 J. M. Ralph, C. Rossignol, and R. Kumar, Journal of the Electrochemical Society, 150, A1518
(2003).
4 E. Maguire, B. Gharbage, F. M. B. Marques, and J. A. Labrincha, Solid State Ionics, 127, 329
(2000).
5 P. G. Radaelli and S.-W. Cheong., Phys. Rev. B, 66, 094408 (2002).
6 K. Asai, A. Yoneda, O. Yokokura, J. M. Tranquada, G. Shirane, and K. Kohn., J. Phys. Soc.
Japan, 67, 290 (1998).
7 M.W. Haverkort, Z. Hu, J. C. Cezar, T. Burnus, H. Hartmann, M. Reuther, C. Zobel, T. Lorenz,
A. Tanaka, N. B. Brookes, H. H. Hsieh, H. J. Lin, C. T. Chen, and L. H. Tjeng, Phys. Rev.
Lett., 97 , 176405 (2006).
8 A. Podlesnyak, S. Streule, J. Mesot, M. Medarde, E. Pomjakushina, K. Conder, A. Tanaka,
M. W. Haverkort, and D. I. Khomskii., Phys. Rev. Lett., 97, 247208 (2006).
9 G. Zhang, E. Gorelov, E. Koch, and E. Pavarini, Phys. Rev. B, 86, 184413 (2012).
10 V. Krapek, P. Novak, J. Kunes, D. Novoselov, Dm. M. Korotin, V. I Anisimov, Phys. Rev. B.
, 86, 195104 (2012).
11 M. Itoh, M. Sugahara, I. Natori, and K. Motoya., J. Phys. Soc. Japan.,64, 3967 (1995).
12 M. J. R. Hoch, S. Nellutla, J. van Tol, E. S. Choi, J. Lu, H. Zheng, and J. F. Mitchell,
22
Phys. Rev. B, 79, 214421 (2009).
13 M. Abbate, J. C. Fuggle, A Fujimori, L. H. Tjeng, C.T. Chen, R.Potze, G. A. Sawatzky,
H. Esaki, and S. Uchida., Phys. Rev. B, 47, 16124, (1993).
14 P. M. Raccah and J. B. Goodenough., Phys. Rev., 155, 932 (1967).
15 M. A. Korotin, S. Y. Ezhov, I. V. Solovyev, V. I. Anisimov, D. I. Khomskii, and G. A. Sawatzky.,
Phys. Rev. B, 54, 5309, (1996).
16 A. Ishikawa, J. Nohara, and S. Sugai., Phys. Rev. Lett., 93, 136401 (2004).
17 Svein Stolen, Fredrik Gronvold, Hendrik Brinks, Tooru Atake, and Hideki Mori., Phys. Rev.
B, 55, 14103 (1997).
18 S. K. Pandey, A. Kumar, S. Patil, V. R. R. Medicherla, R. S. Singh, K. Maiti, D. Prabhakaran,
A. T. Boothroyd, and A. V. Pimpale., Phys. Rev. B, 77, 045123 (2008).
19 Y. Kumagai, H. Ikeno, F. Oba, K. Matsunaga, and I. Tanaka., Phys. Rev. B, 77, 155124 (2008).
20 D. D. Sarma, N. Shanthi, S. R. Barman, N. Hamada, H. Sawada, and K. Terakura., Phys. Rev.
Lett., 75 , 1126 (1995).
21 S. R. Barman and D. D. Sarma, Phys. Rev. B , 49, 13979 (1994).
22 I. A. Nekrasov, S. V. Streltsov, M. A. Korotin, and V. I. Anisimov, Phys. Rev. B 68 235113
(2003).
23 M. Zhuang, W. Y. Zhang, C. Hu, and N. B. Ming., Phys. Rev. B, 57 10710 (1998).
24 R. Eder, Phys. Rev. B. 81, 035101 (2010).
25 H. Hsu, P. Blaha, R. M. Wentzcovitch, and C. Leighton, Phys. Rev. B. 82, 100406(R) (2010).
26 Y. Nohara, S. Yamamoto, and T. Fujiwara, Phys. Rev. B. 79 195110 (2009).
27 S. G. Ovchinnikova, Yu. S. Orlova, I. A. Nekrasovd, and Z. V. Pchelkinae, J. Exp. Th.
Phys. 112 , 140 (2011).
28 J. Kunes and V. Krapek, Phys. Rev. Lett., 106, 246401 (2011).
29 T. Takami, J.-S. Zhou, J. B. Goodenough and H. Ikuta2, Phys. Rev. B 76 144116 (2007).
30 R. F. Klie, J. C. Zheng, Y. Zhu, M. Varela, J. Wu and C. Leighton, Phys. Rev. Lett. bf 99
047203 (2007)
31 D. Phelan, D. Louca, S. Rosenkranz, S.-H. Lee, Y. Qiu, P. J. Chupas, R. Osborn, H. Zheng, J.
F. Mitchell, J. R. D. Copley, J. L. Sarrao and Y. Moritomo, Phys. Rev. Lett. 96, 027201 (2006).
32 S. W. Biernacki., Phys. Rev. B., 74, 184420 (2006).
33 K. Knizek, P. Novak, and Z. Jirak., Phys. Rev. B, 71, 054420 (2005).
23
34 K. Knizek, Z. Jirak, J. Hejtmnek, and P. Novak., Phys. Rev. B, 79, 014430 (2009).
35 L. Siurakshina, B. Paulus, V. Yushankhai and E. Sivachenko., Eur. Phys. J. B 74, 53 (2010).
36 A. Laref and S. J. Luo, J. Phys. Soc. Jpn. 79, 064702 (2010).
37 T. Kyomen, Yoshinori Asaka, and Mitsuru Itoh., Phys. Rev. B, 71 024418 (2005).
38 C. Zobel, M. Kriener, D. Bruns, J. Baier, M. Gruninger, T. Lorenz, P. Reutler, and
A. Revcolevschi., Phys. Rev. B, 66 020402 (2002).
39 L. V. Nomerovannaya, A. A. Makhnev, S. V. Streltsov, I. A. Nekrasov, M. A. Korotin, S. V.
Shiryaev, G. L. Bychkov, S. N. Barilo, and V. I. Anisimov., J. Phys. Cond. Mat., 16, 5129
(2004).
40 Denis Gryaznov, Robert A. Evarestov, and Joachim Maier., Phys. Rev. B., 82, 224301 (2010).
41 R. Dovesi, V.R. Saunders, C. Roetti, R. Orlando, C. M. Zicovich-Wilson, F. Pascale, B. Cival-
leri, K. Doll, N.M. Harrison, I.J. Bush, Ph. DArco, and M. Llunell. CRYSTAL 06 Users’
Manual, http://www.crystal.unito.it, (2008).
42 Xiao-Bing Feng and N. M. Harrison, Phys. Rev. B., 65, 035114 (2004).
43 U. Gross, S. K. Rudiger E. Kemnitz, K. Brzezinka, S. Mukhopadhyay, C. Bailey, A. Wander,
and N. M. Harrison., J. Phys. Chem A, 111, 5813 (2007).
44 S. Piskunov, E. Spohr, T. Jacob, E. A. Kotomin, and D. E. Ellis, Phys. Rev. B, bf 76 012410
(2007).
45 R. Wahl, D. Vogtenhuber, and G. Kresse, Phys. Rev. B 78 104116 (2008).
46 D. Groh, W. J. Slough, R. Pandey, S. P. Karna, and D. Dandekar, Phys. Rev. B 83 115122
(2011).
47 S. Yamaguchi, Y. Okimoto, and Y. Tokura., Phys. Rev. B., 55 R8688 (1997).
48 G. Maris, Y. Ren, V. Volotchaev, C. Zobel, T. Lorenz, and T. T. M. Palstra., Phys. Rev. B.,
67, 224423 (2003).
49 H. Hsu, K. Umemoto, M. Cococcioni, and R. Wentzcovitch, Phys. Rev. B., 79, 125124 (2009).
50 T. Tsuchiya, R. M. Wentzcovitch, C. R. S. da Silva, and S. de Gironcoli, Phys. Rev. Lett.,
96, 198501 (2006).
51 M. Cococcioni and S. de Gironcoli, Phys. Rev. B., 71, 035105 (2005).
24
